First reported as a 14-3-3 binding protein, TAZ (transcriptional coactivator with PDZ binding motif) (29) exhibits transcriptional regulatory functions in conjunction with a variety of transcription factors. These include members of the RUNX family (1, 9, 29, 34, 35), T-box transcription factor TBX5 (40), Pax3 (paired box homeotic gene 3) (41), TEF-1 (transcriptional enhancer factor 1) (37), and TTF-1 (thyroid transcription factor 1) (45) and peroxisome proliferator receptor gamma (21). Nuclear localization and coactivator functions of TAZ are regulated in part through phosphorylation and 14-3-3 binding (29). TAZ regulates gene expression underlying aspects of development of bone (9, 21), muscle (37), fat (21), lung (45), and heart and limb (40). In mesenchymal stem cells TAZ functions as a modulator of transcription to facilitate and inhibit differentiation into osteoblast and adipocyte lineages, respectively (21). Together, these observations suggested that TAZ-deficient mice might show profound defects in the development of one or more of these mesenchyme-derived tissues.
First reported as a 14-3-3 binding protein, TAZ (transcriptional coactivator with PDZ binding motif) (29) exhibits transcriptional regulatory functions in conjunction with a variety of transcription factors. These include members of the RUNX family (1, 9, 29, 34, 35) , T-box transcription factor TBX5 (40) , Pax3 (paired box homeotic gene 3) (41), TEF-1 (transcriptional enhancer factor 1) (37) , and TTF-1 (thyroid transcription factor 1) (45) and peroxisome proliferator receptor gamma (21) . Nuclear localization and coactivator functions of TAZ are regulated in part through phosphorylation and 14-3-3 binding (29) . TAZ regulates gene expression underlying aspects of development of bone (9, 21) , muscle (37) , fat (21) , lung (45) , and heart and limb (40) . In mesenchymal stem cells TAZ functions as a modulator of transcription to facilitate and inhibit differentiation into osteoblast and adipocyte lineages, respectively (21) . Together, these observations suggested that TAZ-deficient mice might show profound defects in the development of one or more of these mesenchyme-derived tissues.
Independently, TAZ was discovered as a binding target of the oncogenic mouse polyomavirus T (tumor) antigens (59) . TAZ overexpression has an inhibitory effect on viral DNA replication. This inhibition is dependent in part on retention in the viral enhancer of the binding site for RUNX1/AML1, first described as the polyomavirus enhancer binding protein PEBP2␣ (27, 55) . Infection by wild-type polyomavirus inhibits the transactivation function of TAZ. A polyomavirus mutant unable to bind TAZ is unable to transform cells and also unable to replicate and induce tumors in the mouse (unpublished observations). TAZ binds most strongly to the small and middle T antigens. These viral proteins function through complex formation with protein kinases and protein phosphatase PP2A in the plasma membrane and cytosol. The effects of these two T antigens on TAZ are not readily explained in terms of transcriptional regulatory functions of TAZ. Rather, they suggest the possibility that TAZ possesses an additional phosphorylation-dependent function(s) distinct from its role in transcription.
To investigate TAZ functions in the context of a whole animal model, we have generated a TAZ knockout mouse. The pathological abnormalities in the surviving animals reveal new and unexpected molecular and physiological functions of TAZ as a component of an E3 ubiquitin ligase involved in ubiquitindependent substrate proteolysis. Surviving TAZ Ϫ/Ϫ mice develop two severe abnormalities: polycystic kidney disease and emphysema. In humans, autosomal dominant polycystic kidney disease (ADPKD) is due primarily to mutations in PKD1 and PKD2 encoding the transmembrane proteins polycystin 1 (PC1) and PC2, respectively (23, 26, 38, 66) . The polycystins function together in mechanosensory transduction, coupled in some manner to primary cilia in renal epithelial cells and mediating an influx of extracellular calcium in response to fluid flow (42, 43, 47, 67) . PC2 is a nonselective calcium-permeable cation channel protein (17, 20, 31, 36, 62) . It is expressed in a broad range of tissues and mediates calcium entry (17, 36, 62) and calcium release from the endoplasmic reticulum following the initial influx of calcium (31, 32, 36) . PC2 also plays a role along with PC1 in regulating cell growth via a JAK/STAT pathway and induction of p21 waf1 (4) . Here we show that in both mice and zebrafish, TAZ deficiency results in development of cysts in the kidney accompanied by accumulation of higher than normal levels of PC2. We show that phosphorylation of TAZ mediates its interaction with the F-box protein ␤-Trcp, forming part of an SCF ␤-Trcp E3 ligase complex that targets PC2 for degradation.
Note: while the manuscript was in preparation, a report was published on a knockout of Wwtrt1/TAZ in the mouse (22) . This mouse develops glomerulocystic disease with little evidence of skeletal abnormalities. Results of the present study confirm these basic findings, though with some important dif-ferences in severity and manifestations of disease. We also identify a new molecular function of TAZ and discuss its possible relevance to PKD. bated at 37°C. Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline for 30 minutes and stained with rabbit polyclonal anti-TAZ, PC2 (5459), and mouse monoclonal anti-acetylated ␣-tubulin antibodies. The primary antibodies were detected with secondary Organ Green-conjugated anti-rabbit immunoglobulin G (IgG) antibody and rhodamine red-conjugated anti-mouse IgG antibody, respectively. IMCD cells were plated in DMEM-F-12 medium on coverslips and incubated at 37°C. After reaching 100% confluence, HA-tagged mTAZ was introduced into cells by transfection. Immunofluorescence was performed 24 h posttransfection using rabbit anti-HA polyclonal antibody (sc-805; Santa Cruz) for TAZ detection.
Real-time PCR. Total RNA was isolated from mouse kidney tissues using TRIzol reagent (Invitrogen), and oligo(dT)-based reverse transcription reactions were performed using SuperScript III (Invitrogen). The transcriptional levels of PKD1 and PKD2 genes in mouse kidneys and TAZ in human kidneys and cysts were checked by real-time PCR (SYBR Green, Lightcycler; Roche). Actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as internal controls. The following were primer sequences: mPKD1A206, GCCTCCATGCTGTGTTTGAAAGTC; mPKD1A654, GGACAGGTAAGGAAGGCAGCAATA; mPKD2A373, CGCCA TGTTTCCCTGATTCTGATG; mPKD2A758, ACTACCAGGAAGGTGACTA GGGAT mActin5, GTGGGCCGCTCTAGGCACCAA; mActin3, CTCTTTGAT GTCACGCACGATTTC; GAPDHF, GCTGAACGGGAAGCTCACTGGCTA TGG; GAPDHR, GAGGCTCACCACCCTGTTGCTGTAGC. Three mice for each genotype and age group were used, and the reverse transcription-PCR experiments were carried out in triplicate.
Cell culture and transfection. 293 and BMK cells were cultured in DMEM supplemented with 10% heat-inactivated newborn calf serum and 100 U/ml penicillin and streptomycin. IMCD (ATCC CRL-2123) and established control and HA-mPC2-overexpressing IMCD cell lines were cultured in DMEM-F-12 medium with 10% fetal bovine serum. BMK cells were made from 10-to 14-day-old baby mice (63) . 293 and IMCD cells were transfected with various expression plasmids and shRNA constructs for Trcp knock down by using Lipofectamine2000 (Invitrogen) per the manufacturer's instructions.
Retrovirus generation and infection. The pMXs-puro/Plat-E system was used to generate control and TAZ retroviruses (39) for infection of TAZ Ϫ/Ϫ mouse embryonic fibroblasts.
Western blot analysis. Proteins were resolved by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane. The membranes were blocked with 5% nonfat milk-TNET buffer (10 mM Tris, 2.5 mM EDTA, 50 mM NaCl, and 0.1% Tween 20) for 1 h and probed with primary antibodies for 2 h at room temperature. After washing with TNE, the membranes were incubated with suitable secondary antibodies. Signals were detected with the Odyssey LI-COR infrared imaging system. PC2 levels in extracts of whole kidneys or cultured kidney epithelial cells were normalized to ␤-tubulin as an internal loading control.
Labeling cellular proteins with [ 35 S]methionine. Transfected 293 cells at 75% confluence were washed twice in DMEM without methionine and incubated for 6 h in methionine-deficient medium containing 2% calf serum and 50 Ci/ml [ 35 S]methionine. Cells were then washed and incubated further for different times in DMEM.
Immunoprecipitation and GST pull-down assay. For immunoprecipitations, cells were washed with phosphate-buffered saline and solubilized in NP-40 lysis buffer (20 mM Tris, pH 8.0, 135 mM NaCl, 1 mM MgCl 2 , 0.1 mM CaCl 2 , 10% glycerol, 1% NP-40, 0.1 mM Na 3 VO 4 , 50 mM ␤-glycerophosphate, 10 mM NaF, and the protease inhibitor Complete Mini from Roche). The lysates were incubated with the antibodies indicated and protein A-CL-4B (Amersham Pharmacia) for 2 h at 4°C. The beads were then washed five times with NP-40 lysis buffer, and the proteins were eluted by boiling in SDS-PAGE sampling buffer. For the GST pull-down assay, lysates of transfected cells were prepared with NP-40 lysis buffer 36 h posttransfection. Extracts (2 to 3 mg of protein) were incubated with glutathione-Sepharose 4B (Amersham Bioscience) at 4°C overnight, and the beads were washed with lysis buffer five times. The complexes were resolved on SDS-PAGE, and Western blotting was performed as described above.
Quantitation and statistical analysis. Bands from Western blots and autoradiography were quantified by Scion Image software. The standard t test was used to assess the significance of differences between means in PC2 levels of triplicate samples at each time point under different conditions of TAZ expression. A P value of Ͻ0.05 (one tail) was considered significant. The experiments on PC2 decay in Fig. 4A and 7E, below, were each repeated three times.
In vitro ubiquitylation. For PC2 in vitro ubiquitination, 1 l of rabbit reticulocyte lysate-translated 35 S-labeled substrate PC2 was incubated in the absence or in the presence of increasing amounts of purified GST-TAZ and SCF ␤-Trcp E3 ligase complex from transfected 293 cells, E1 ubiquitin-activating enzyme (50 ng), Ubc5 (200 ng), and ubiquitin (1 mg/ml) in a total volume of 20 l. In 6384 TIAN ET AL. MOL. CELL. BIOL.
at Harvard Libraries on March 25, 2008 mcb.asm.org addition, reaction mixtures contained 25 mM Tris-HCl (pH 7.5), 60 mM NaCl, 1 mM dithiothreitol, 2 mM ATP, and 4 mM MgCl 2 . After incubation at 30°C for 1.5 h, total reaction mixtures were electrophoresed in 4 to 14% SDS-PAGE gels, and the 35 S-labeled substrates were detected by autoradiography. Western blot assays for TAZ and Cul1 were also performed. Ubiquitin-activating enzyme E1 (E-305), conjugating enzyme E2 (UbcH5a, E2-616; UbcH3, E2-610), ubiquitin (U-100H), and energy regeneration solution (ERS; B-10) were all obtained from Boston Biochem.
RESULTS
A TAZ knockout mouse develops polycystic kidney disease and emphysema. A positive-negative selection vector (PGKbeta-galPGKneo; a gift from Haihua Gu) was used to replace exon 2 of TAZ in embryonic stem cells from 129SVE mice based on homologous recombination in flanking sequences. The targeting vector cassette is shown in Fig. 1A . Exon 2 of mouse TAZ encodes the first 144 amino acids of the protein; sequences downstream of the inserted vector are predicted to be out of frame. PCR and Southern blot analysis of the ES cell clone used to generate the knockout mouse showed a single insertion of the cassette at the expected site (see Fig. S1 in the supplemental material). No immunoreactive protein was detected by Western blotting using a polyclonal antiserum raised against a C-terminal fragment of mTAZ in tissues of knockout mice (see further below). Chimeric mice were crossed with 129S6 mice to identify offspring giving germ line transmission of the knockout allele. A single founder was used to establish a line of TAZ Ϫ/Ϫ mice, which has been maintained through crosses of heterozygous animals.
Loss of TAZ results in partial embryonic lethality. Crosses of TAZ ϩ/Ϫ mice produced a dearth of Ϫ/Ϫ pups which represented only half the expected number of offspring (Fig. 1B) . Affected (Ϫ/Ϫ) mice were readily identified by their smaller size and relative inactivity compared to their normal littermates (Fig. 1C) . These crosses produced heterozygous offspring at the expected frequency, and these mice were phenotypically normal.
Comprehensive histological examinations of Ϫ/Ϫ mice were carried out at ages ranging from late gestation to 1 year. TAZ has been shown to function in mesenchymal stem cells as a transcriptional regulator, acting in conjunction with Runx2 to promote differentiation into osteoblasts and with peroxisome proliferator receptor gamma to inhibit differentiation into adipocytes (21) . In addition, TAZ has known roles in transcriptional regulation of genes involved in cardiac and skeletal muscle differentiation and pulmonary surfactant production (37, 40, 45) . Results carried out in part using embryonic fibroblasts from the TAZ knockout mouse (21) suggest that TAZdeficient mice might manifest defects in development of bone and/or fat. However, TAZ Ϫ/Ϫ animals that survived, though runted, made bone and fat that were histologically normal. Adipocytes were somewhat diminished in size in Ϫ/Ϫ compared to ϩ/ϩ littermates, but no other differences were noted (see Fig. S2 in the supplemental material). While a defect(s) in mesenchymal cell differentiation may contribute to embryonic lethality, it does not appear to be manifested as abnormal development of either bone or fat in surviving mice.
We focused our attention on characterizing the surviving TAZ Ϫ/Ϫ animals and have not yet examined the mechanism of embryonic lethality. Surprisingly, the most profound abnormalities that were noted in the surviving TAZ Ϫ/Ϫ mice were the development of severe polycystic renal and pulmonary disease. Sections of kidneys of mutant mice from a few weeks of age up to 1 year showed changes typical of polycystic kidney disease with the development of round cysts of various sizes scattered throughout the cortex ( Fig. 1D and E). Cysts were found bilaterally in every TAZ Ϫ/Ϫ animal, the earliest ones being seen in an 18-day TAZ Ϫ/Ϫ embryo. Cysts were uniformly lined by cuboidal epithelium with scanty cytoplasm. They frequently contained homogenous eosinophilic fluid or small amounts of floccular material. The renal pelvis was often moderately dilated in kidneys of younger Ϫ/Ϫ mice. The number of cysts and overall kidney size were found to increase with age, akin to findings in human ADPKD (Fig. 1E) . TAZ Ϫ/Ϫ animals also developed emphysema, with swollen alveoli and breakdown of alveolar walls (Fig. 1F ). More than 30 surviving TAZ Ϫ/Ϫ mice were examined, and all showed concomitant development of PKD and emphysema. Examination of tissues in several dozen mutant mice showed no cystic changes in salivary glands, pancreas, liver, or other glandular organs. Some 2-to 4-week-old mice were observed to have inflammation in lungs or intestines, presumably secondary to emphysema and renal disease. The major manifestations of TAZ deficiency, at least in the 129S6 background, appeared to be restricted to kidney and lung.
PC2 is overexpressed in kidneys of TAZ
؊/؊ mice. Kidney sections were first stained with fluorescent lectins to determine the segment of the nephron from which cysts arise in TAZ Ϫ/Ϫ mice ( Fig. 2A) . Cysts are found predominantly in the cortex, and these show positive staining with the lectin Lotus tetragonolobus agglutinin, indicating some cysts develop in proximal tubules, one of the segments affected in ADPKD (56) . No staining was seen using the DBA lectin (Dolichos biflorus agglutinin), a marker for collecting ducts altered in the autosomal recessive form of the disease (68) . Mutations in the polycystin genes PKD1 and PKD2 account for roughly 85% and 15% of human ADPKD, respectively (30, 49) . PC1 and PC2 expression levels were therefore examined and compared in kidneys from age-matched ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ mice by immunostaining and Western blotting. Uniform weak tubular expression of PC1 was observed in kidney sections from both 3-month-old wild-type and mutant mice. No obvious differences in the level or distribution of PC1 staining were observed in kidneys from TAZ Ϫ/Ϫ mice based on immunostaining (Fig.  2B , upper panels) and Western blotting (Fig. 2C) .
In contrast, expression of PC2 was clearly elevated in TAZ Ϫ/Ϫ mice. This was first shown using a previously characterized antiserum to an N-terminal peptide of mPC2 (anti-PC2 96525) (36) .
To confirm the initial findings, a new rabbit antiserum was raised against the C-terminal domain of mouse PC2 (anti-PC2 5459). Western blotting and immunoprecipitation experiments showed the same reactivity of the two antisera tested on transfected epitope-tagged PC2 and on the endogenous protein (see Fig. S3 in the supplemental material). In situ staining and Western blotting ( Fig. 2C ) of kidney extracts from wild-type and mutant mice were carried out with anti-PC2 5459. Tubules in mutant mice showed deep cytoplasmic staining concentrated mainly under the apical surfaces. Dense staining was seen in apparently normal ducts as well as in cells lining the cysts (Fig. 2B , middle panels).
Tubules from wild-type controls showed a similar distribution but with considerably less intense staining compared to the mutant (Fig. 2B , compare lower panels). Overexpression of PC2 was also evident in the kidney of a TAZ Ϫ/Ϫ embryo of 14 to 15 days gestation without obvious development of cysts (Fig. 2B , lower panels).
PC2 overexpression was confirmed by Western blotting using extracts of kidneys from ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ mice sampled at different ages (Fig. 2C) . Levels of PC2 in these extracts were quantitated based on the Western blot assays and normalized to ␤-tubulin by densitometry. ␤-Tubulin was used as a loading control because its levels in cultured mouse kidney cells were found to be unaffected by TAZ depletion (Fig. 2D) . Levels of PC2 were consistently elevated 2-to 2.2-fold in Ϫ/Ϫ compared to ϩ/ϩ kidney tissue. PC2 levels were approximately the same in ϩ/ϩ and ϩ/Ϫ animals, consistent with the normal gross and histological findings in these animals. Cultured kidney epithelial cells from TAZ Ϫ/Ϫ mice overexpressed PC2 2.2-fold in comparison with cells from ϩ/Ϫ and ϩ/ϩ animals, while levels of ␤-tubulin were unaffected.
Because TAZ is known to function as a transcriptional regulator, we asked whether the overexpression of PC2 might be related to changes in transcription of PKD2 relative to PKD1 in kidneys of TAZ Ϫ/Ϫ mice. Total RNA extracts from kidneys of ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ mice at different ages were analyzed by real-time RT-PCR using GAPDH RNA as an internal control.
PKD1 mRNA levels were essentially the same in mice of all three genotypes, though slight elevations were seen in older Ϫ/Ϫ animals (Fig. 2E) . Levels of PKD2 mRNA were consistently lower in Ϫ/Ϫ mice compared to their normal ϩ/ϩ and ϩ/Ϫ littermates (Fig. 2F) . Overexpression of PC2 in TAZ Ϫ/Ϫ mice is therefore not a result of increased steady-state levels of PKD2 mRNA. These results do not support the hypothesis of TAZ as a transcriptional coactivator of PKD2 but rather suggest the possibility that TAZ regulates PC2 levels by some posttranscriptional mechanism. Ciliary abnormalities have been linked to PKD in human PKD as well as in animal models (7, 18) . Immunofluorescent staining with anti-acetylated ␣-tubulin revealed the presence of cilia in primary kidney epithelial cells from TAZ-deficient as well as normal mice. PC2 was seen to colocalize with cilia in these cells (see Fig. S4A in the supplemental material). TAZ is also found in cilia in wild-type BMK epithelial cells (see Fig.  S4B ) and in IMCD cells expressing HA-tagged TAZ (see Fig.  S4C ). Whether cilia in TAZ-deficient mice are of normal size and retain normal function remains unknown.
Depletion of TAZ in zebrafish results in cystic nephron formation and overexpression of PC2. TAZ is 68% identical in the mouse and zebrafish and functions in a similar fashion in directing mesenchymal cell differentiation in the two species (21) . To investigate whether normal kidney development in a vertebrate species distant from the mouse shows a similar dependency on TAZ and to further investigate the specific relationship between TAZ deficiency and PKD, a TAZ knockdown was generated in zebrafish. Zebrafish embryos were injected with control or TAZ-specific morpholino oligomers (MO) at the one-to two-cell stage. The normal zebrafish pronephros consists of a fused midline glomerulus drained by two pronephric ducts that shunt the urine outside the animal (13) . TAZ knockdown embryos (8 days), in contrast to control morpholino-injected embryos, developed large bilateral cystic dilations in the pronephric tubules (Fig. 3A thru D) . The animals also exhibited a body curvature phenotype identical to that seen in other zebrafish cystic kidney gene mutations (57) (Fig.  3A and B ). PC2 protein levels were then examined in 3-day embryos treated with the oligomers by using an antibody to the mouse PC2 protein. PC2 expression was elevated throughout the early embryo treated with the TAZ-specific oligomers compared to the control (Fig. 3E and F) .
TAZ interacts with PC2 and affects its stability. The effect of TAZ on PC2 protein stability was investigated. 293 (human embryonic kidney) cells were transfected with a construct expressing HA-tagged PC2 with or without TAZ cotransfection, labeled for 6 hours with [ 35 S]methionine, washed, and chased in cold medium for various times. The turnover of metabolically labeled PC2 was clearly accelerated in cells expressing exogenous TAZ. TAZ overexpression reduced the half-life of PC2 by roughly 50% (Fig. 4A) . The standard t test comparing the means of triplicate samples with and without exogenous TAZ showed the differences in PC2 decay to be significant (P ϭ 0.04). Similar results were obtained using cycloheximide to block protein synthesis and measuring levels of PC2 with or without exogenous TAZ (data not shown). TAZ overexpression also led to enhanced turnover of endogenous PC2 in IMCD established mouse kidney cells (Fig. 4B) . Stability was restored to normal levels by addition of the proteosome inhibitor MG132 (Fig. 4C) . Evidence for ubiquitinylation of PC2 in vivo was sought using BMK cells from normal mice cultured with the proteasome inhibitor lactacystin (12, 14) . To assess whether PC2 itself and not just coprecipitating proteins were ubiquitinylated, immunoprecipitation was carried out under denaturing conditions (1% SDS) with anti-PC2 and blotted with antiubiquitin antibody. Increased density in the blot suggests that some fraction of PC2 is polyubiquitinylated (Fig.  4D) . These results suggest that TAZ regulates PC2 through ubiquitin-dependent proteolysis. Application of a proteasome inhibitor has previously been shown to increase PC2 channel activity (62) . The effect of TAZ on PC1 stability was tested in a similar fashion using a C-terminal cytoplasmic fragment of the very large PC1 protein. The PC1 fragment was stable compared to PC2, and its turnover was unaffected by TAZ overexpression (not shown).
Substrates in ubiquitin-dependent degradation are recognized by E3 ligases through protein-protein interactions. A series of TAZ mutants was used to characterize the interaction with PC2. Substitutions of serines 89 and 90 with alanines prevent 14-3-3 binding and lead to accumulation of TAZ in the nucleus (29) . As expected from its altered subcellular localization, this mutant showed no detectible interaction with PC2 (Fig. 5B) as well as an inability to promote PC2 degradation (Fig. 5C) . Deletion of residues 220 to 272 constituting the CC (coiled-coil) domain of TAZ strongly reduced binding to PC2 (Fig. 5D ), while deletions of the WW and PDZ binding domains had only minor effects (not shown). The cytoplasmic portions of PC1 and PC2 are known to interact through their coiled-coil domains (52, 60) . Expression of a C-terminal cytoplasmic fragment of mPC1 (residues 4066 to 4293) prevented TAZ-PC2 interaction (Fig. 5D ), indicating that interaction with PC1 spares PC2 from TAZ-mediated degradation. PC2 levels were unaffected by expression of either the ⌬CC mutant of TAZ (Fig. 5E) or the cytoplasmic fragment of PC1 (Fig. 5F ). The parallel effects of these constructs on binding and turnover of PC2 support the conclusion that interaction between TAZ and PC2 leads to PC2 degradation. TAZ binds to the cytoplasmic domain of PC2 represented by the 289-residue C-terminal fragment (residues 678 to 966) of the protein (Fig. 5A and D) . Deletion of the C-terminal 5 amino acids representing a PDZbinding motif in PC2 diminished TAZ binding, while deletion of the central coiled-coil domain of PC2 (residues 760 to 796) had little or no effect (Fig. 5G) . Another unidentified cellular protein, presumably with a PDZ domain, may conceivably be involved in the TAZ-PC2 interaction. TAZ and PC2 interaction in 293 cells was confirmed by immunoprecipitation and GST pull-down using full-length HA-tagged PC2 and a TAZ GST fusion (Fig. 5H and I) . a key to the specificity of SCF ␤-Trcp E3 ligase complexes (3), and both TAZ (29) and PC2 (6) are known to be phosphorylated. To investigate whether TAZ mediates PC2 degradation directly as part of an SCF ␤-Trcp E3 ligase complex, dominantnegative constructs of Cul1 and Trcp were introduced into 293 cells along with TAZ and PC2. TAZ-mediated degradation of PC2 was prevented by coexpression of Cul1DN and by the F-box deletion mutant of ␤-Trcp (Fig. 6A) . The cyclin-cdk inhibitor p27 (8, 61) as a known target of Cul1 and cdc25A as a known target of Cul1 and ␤-Trcp (5, 28) were used as positive controls. Targeting endogenous ␤-Trcp in 293 cells with siRNA constructs was effective in preventing TAZ-mediated PC2 degradation (Fig. 6B) . These results implicate TAZ in a SCF ␤-Trcp pathway that targets PC2.
Further evidence that TAZ forms part of an SCF ␤-Trcp complex was sought by GST pull-down and coimmunoprecipitation experiments. Endogenous Cul1 was pulled down from extracts of 293 cells transfected with GST-TAZ (see Fig. S5A in the supplemental material). Anti-Cul1 was used to bring down TAZ from the same cell extracts (see Fig. S5B in the supplemental material). Myc-tagged ␤-Trcp1 and ␤-Trcp2 were cotransfected along with GST-TAZ into 293 cells. GST pulldown and coimmunoprecipitation showed interaction in both directions between TAZ and the two ␤-Trcp isoforms (see Fig.  S5C and D in the supplemental material). As expected, PC2 also associates with ␤-Trcp. Interaction was confirmed by coimmunoprecipitation and Western blotting using epitopetagged constructs (see Fig. S5E and F in the supplemental material). Expression of the C-terminal fragment of PC1 slightly reduced the amount of PC2 associated with ␤-Trcp (see Fig. S5G in the supplemental material), consistent with the inhibition of TAZ-PC2 interaction by this PC1 fragment ( Fig. 5F and H) . The associations between TAZ, PC2, Cul1, and ␤-Trcp as endogenous proteins were confirmed using IMCD cells. Coimmunoprecipitation was performed on IMCD cell lysates using anti-PC2 and anti-TAZ antibodies. Cul1 and ␤-Trcp were brought down with both antibodies but not with normal IgG (Fig. 6C) . TAZ-and SCF ␤-Trcp -dependent ubiquitinylation of PC2 were confirmed in an in vitro assay. SCF ␤-Trcp complex and TAZ from 293 cells were incubated with in vitro-translated 35 S-labeled PC2 along with E1, E2, and ubiquitin. A portion of the labeled PC2 migrates as high-molecular-weight species when TAZ and SCF ␤-Trcp E3 ligase complex are present but not in control lanes (Fig. 6D) . These results indicate that PC2 is ubiquitinylated by SCF ␤-Trcp E3 ligase in a TAZ-dependent manner.
To investigate whether either the N-terminal (DS 58 GSHS 62 ) or C-terminal (S 302 REQS 306 TDS 309 GLG) phosphodegron motif in TAZ (Fig. 7, top) is involved in ␤-Trcp binding and plays a role in PC2 turnover, serine-to-alanine substitutions were introduced into each of the sites and the constructs expressed in 293 cells. Substitution of serine 309 in the C-terminal motif led to loss of ␤-Trcp binding, while substitutions in the N-terminal site had no effect (Fig. 7A) . To investigate further if other serines near the C-terminal ␤-Trcp binding site in TAZ may be important, S306A and S302A mutants were made and analyzed. The results show the importance of S306 and not of S302 (Fig. 7B) . In terms of effects on PC2 stability, substitution of serines 309 and 306 with alanine in the Cterminal motif blocked TAZ-mediated PC2 degradation ( Fig.  7C and D) , consistent with their failure to bind ␤-Trcp. TAZ therefore links PC2 to a SCF ␤-Trcp E3 ligase complex through its C-terminal ␤-Trcp binding site. Endogenous PC2 expression and stability were also examined in TAZ Ϫ/Ϫ MEFs infected by control and TAZ-transducing retroviruses. The expression level and half-life of PC2 were reduced by roughly 50% when wild-type TAZ was introduced (differences were significant by t test, P ϭ 0.03). Infection of TAZ Ϫ/Ϫ with the retrovirus encoding the S309A TAZ mutant failed to promote PC2 degradation (Fig. 7E) , confirming the results shown in transfected 293 cells (Fig. 7A) . It is also apparent that the turnover of TAZ itself is regulated in the SCF ␤-Trcp complex dependent on the same phosphodegron sequences as is evident in the Western blots in Fig. 6B and 7C and D.
DISCUSSION
The present studies of a TAZ knockout mouse have uncov- as a transcriptional regulator with a variety of roles in cellular differentiation (9, 21, 29, 40, 41, 45) . The TAZ protein is found in the cytoplasm as well as the nucleus, its distribution governed by phosphorylation and binding to 14-3-3 (29) . A central WW domain and a coiled-coiled domain in TAZ are also critical to its role as a transcriptional regulator (9, 21, 29, 40, 41, 45) . TAZ is multiply phosphorylated. It is found in complexes with PP2A and undergoes dephosphorylation in polyomavirus-infected cells with important consequences for virus growth and cell transformation (59) . The dual functions of TAZ as a regulator of protein degradation and transcription places it with E6-AP, which also possesses both transcriptional regulatory (44) and E3 ligase (25) functions. TAZ and E6AP also share the property of being targeted by oncoproteins encoded by DNA tumor viruses of the polyoma (59) and papilloma groups (24) . TAZ deficiency results in a partial embryonic lethal phenotype with roughly half of the Ϫ/Ϫ embryos dying in utero. The cause of prenatal deaths in these embryos has not been investigated but may be related to the role of TAZ in mesenchymal stem cell differentiation (21) . Surviving TAZ Ϫ/Ϫ pups are runted but produce histologically normal bone and fat. These mice show severe abnormalities in kidneys and lungs. The development of multiple cysts in the kidneys of these animals resembles the changes seen in human polycystic kidney disease. TAZ knockout mice also develop emphysema, raising the possibility that TAZ deficiency may result in abnormal accumulation of a specific protein(s) in the lung. Abnormalities in kidney and lung were seen in 100% of TAZ Ϫ/Ϫ mice, indicating the importance of TAZ in maintaining normal ductal and alveolar structures.
These results correlate well with those in an independent study of a TAZ knockout mouse (22) with respect to the major histopathological finding of PKD. Development of renal cysts constitutes the most significant finding in both mice, though some differences may exist regarding the origin and distribution of cysts within the nephron. The findings are also in agreement with respect to the absence of any major skeletal defects or manifestations of abnormal mesenchymal cell differentiation. An important difference between the two models exists with respect to involvement of the lung. Severe emphysema developed along with PKD in 100% of our TAZ Ϫ/Ϫ mice, whereas no involvement of the lung was reported in the earlier study. TAZ has been shown to affect levels of surfactant C through binding to TTF-1 (45) . Based on its role as a component of an E3 ligase, TAZ may possibly regulate the levels of other surfactants or factors essential for alveolar integrity through its protein degradation function. In contrast to the partial embryonic lethality in our mice, their TAZ Ϫ/Ϫ mice were born in the expected Mendelian ratios with up to half succumbing by the age of weaning. The expression levels of several genes linked to ciliary function and cystic disease were found to be lower in their knockout mouse, consistent with TAZ as a possible transcriptional regulator of those genes. The present results have uncovered another molecular mechanism that may contribute to PKD based on the role of TAZ in protein degradation.
Comparisons of renal disease in TAZ knockout mice with other well-studied mouse models of cystic kidney disease show some clinical and pathological differences as well as similarities. In models involving cpk (16, 50) , jcpk (15, 19) , and DBA/ 2-pcy (58), cysts vary in their time course of development, but the entire renal cortex is ultimately replaced by cystic tubules and the kidneys become massively enlarged. Cortical cysts also develop increasingly with age in TAZ Ϫ/Ϫ mice. Defects in ciliagenesis have been found in some animal models of PKD (7, 18) . A number of genes affecting cyst formation in the zebrafish kidney have been identified and shown to be involved in the development and function of cilia (57) . TAZ is expressed on cilia in normal kidney epithelial cells. The absence of TAZ does not prevent formation of cilia per se.
PC1 and PC2 are the two proteins altered in the autosomal dominant forms of human PKD through mutations in PKD1 and PKD2 (30, 49) . Animal models of PKD have been described based on alterations in expression of PC1 or PC2. In both the human and experimental animals, PKD is associated with alterations in the ratio of these interacting proteins. The current study has shown that TAZ functions as a ␤-Trcpbinding protein in an E3-ubiquitin ligase complex that targets PC2 for degradation and that PC2 accumulates abnormally in kidneys of TAZ-deficient mice. TAZ contains a phosphodegron motif recognized by the F-box protein ␤-Trcp. cells showing that overexpression of TAZ leads to more rapid turnover of PC2 via a ␤-Trcp-E3 ubiquitin ligase pathway. The importance of TAZ phosphorylation in mediating degradation of PC2 has been confirmed using TAZ Ϫ/Ϫ MEFs restored with either wild-type or mutant forms of TAZ altered in one of its phosphodegron motifs. Figure 8A and B is a schematic representation of the findings on the new function of TAZ as an adaptor protein in an SCF ␤-Trcp ligase complex. An imbalance between PC1 and PC2 may be expected to affect the ion transport functions of the polycystin complex. Epithelial cells from PKD1 knockout mice fail to respond to fluid flow (42) , and reduced expression of PC1 results in PKD (33) . Overexpression of PC1 in transgenic mice also results in the development of PKD (51), akin to the observations in the TAZ knockout mouse with overexpression of PC2. Overexpression of PC2 may have consequences in terms of the interactions of these critical proteins and their coupling to G proteins (10, 11, 46) and downstream Ca 2ϩ signaling (10, 17, 20, 36, 62) . Increased levels of PC2 by itself in the endoplasmic reticulum can lead to release of excess Ca 2ϩ into the cytosol (31, 32) with potentially severe consequences. Previous studies have shown that when overexpressed PC2 accumulates in the endoplasmic reticulum and increases Ca 2ϩ entry (36) . A knockdown of TAZ in the zebrafish embryo results in cyst formation in the pronephros and in overexpression of PC2 throughout the embryo. These findings duplicate basic features of the TAZ knockout mouse and reveal a remarkable evolutionary conservation of TAZ functions at the molecular and development levels. The present investigation has focused on PC2 overexpression in order to identify a new molecular function of TAZ. While PC2 overaccumulation may be a contributory factor in the development of PKD, other factors regulated by TAZ are likely to be involved. Through its functions either in transcription or protein degradation or both, TAZ may alter the levels of any of a number of proteins involved in the assembly and function of primary cilia. Variations in age of onset and rate of progression in ADPKD are consistent with the existence of modifying environmental or genetic factors. The "two-hit" theory is widely accepted as a mechanism for cyst formation in ADPKD (54) . Somatic mutations affecting the normal alleles in PKD1 or PKD2 are known to occur in some cysts (48, 53, 65) . The present results call for further investigation of TAZ as a possible modifier or "second hit" in ADPKD.
